In the new AASHTO Mechanistic-Empirical Pavement Design Guide (MEPDG), the dynamic modulus |E*| test has been selected to assess the performance of asphalt concretes. The type of test, which relates asphalt mixtures modulus to temperature and time rate of loading, is never used in Western Australia. This paper presents a study on the dynamic modulus of typical Western Australia asphalt mixtures. Five mixtures with 10mm nominal sizes and two types of bitumen classes, i.e. C170 (Pen 60/80) and C320 (Pen 40/60) comply with Main Road Western Australia (MRWA) Specification were used in the research. Mixing and compacting process were carried out according to Austroads methods. The specimens were compacted using a gyratory compactor to achieve 5±0.5% target air void. Testing was performed at four temperatures (4, 20, 40 and 55 O C) and six frequencies (25, 10, 5, 1, 0.5, 0.1 and 0.05 Hz). Dynamic modulus and phase angle master curves were generated from the results. The master curves were compared to the curves from Witczak's predictive equation. From this preliminary study, it was found that the measured values correlated well with the predictive equation except at high temperatures or low frequencies.
1.0 INTRODUCTION
The dynamic modulus |E*| is a principal parameter to characterize stiffness for hot mix asphalt in Mechanistic-Empirical Pavement Design Guide (MEPDG). The dynamic modulus test is considered more accurate on determining stiffness. This method is measuring stress-strain of asphalt mixtures by applying various loading frequencies and temperatures to simulate the actual traffic and weather condition [1] . The specimen geometry, nominal aggregate size, loading time and test temperature are some factors that determined the dynamic modulus. Kim et al. [2] found the asphalt sources, grades and contents were more influential on |E*| than aggregate sources and gradation. Further, a high dynamic modulus |E*| or stiffness was shown by mixtures with large size aggregates due to a strong aggregate interlock in the system [3] . Inclusion of additives such ash styrene butadiene styrene (SBS) produced high |E*| mixes with regards to a decrease of energy loss at high temperature [4] .
The MEPDG software runs three hierarchical levels of input for pavement design and analysis. Level 1 provide the dynamic modulus |E*| from the laboratory test. Level 2 involves |E*| estimation based on aggregate properties, mixture volumetric properties and the viscosity testing of the binder. Level 3 uses 'best estimated' or 'default values' from regional areas to predict |E*|. Witczak predictive model can be used to estimate |E*| in Level 2 and 3. A comparison between predictive and measured dynamic modulus could be used to validate the laboratory results [5] .
The hot mix asphalt stiffness is also characterized by beam fatigue, creep, relaxation modulus and resilient modulus tests [5] . The flexural fatigue test is mostly used in Australian Pavement Design Guide [6] . There were few studies done in this area, with regard to utilizing the flexural fatigue test to characterize asphalt stiffness and to correlate it with the indirect tensile test in Australia [7, 8] . There is lack of report about dynamic modulus of Australian asphalt mixtures until now. In this preliminary study, the dynamic modulus |E*| of hot mix asphalt wearing course was investigated. In addition, a dynamic modulus prediction model, i.e. Witczak was evaluated. The predicted |E*| values were compared with the measured |E*| values to validate the Western Australia asphalt mixtures.
2.0 MATERIALS AND METHODS

Materials
Two types of bitumen classes meeting Austroads (AP-T62/06) [9] specification, Class 170 (Pen 60/80) and C320 (Pen 40/60), were used as primary binders. Both mixtures contained granite aggregates from Gosnells Quarry with maximum grain size of 10mm. The coarse aggregates had specific gravities of 2.62 and water absorption of 0.74%. The asphalt mixture gradation is presented in Table 1 . Swan hydrated lime used has Calcium Hydroxide more than 65%, in complies with Australian Standard (AS) 1672.1-1997 [10] . Mineral filler was bag house dust that passing a 75 micron sieve. 
Specimen Preparation
Specimens were prepared according to Austroads AP-T132 [12] mixing procedure. This is to ensure that the specimens were produced such in field condition and oxidation of binder can be controlled. Raw materials were mixed at 150 o C and conditioned at 150 o C for one hour prior to compaction. All samples were compacted directly at gyratory using 100mm diameter molds. After being compacted by the IPC Servopac gyratory compactor the specimens were allowed to cold at room temperature for several hours. Then the samples were cut as cylinder with 150mm height. The density and air void were measured according to Main Road Western Australia (MRWA) WA-732.2 [13] and WA-733.1 [14] . The methods are similar to ASTM 2041 [15] and ASTM D2726 [16] , respectively. The target air void for all specimens was 5.0±0.5%. In this research, a trial compaction was required to determine gyration cycles for the target air void. Figure 1 shows the trial compaction curves for 10mm mixtures.
Test Equipment and Procedures
The dynamic modulus tests were carried out using an IPC UTM-25 testing machine. The machine comprises of a loading frame, which is integrally mounted with a 25kN servo hydraulic actuator system, a load cell and a displacement transducer. An IMACS (Integrated Multi-Axis Control System) and a personal computer were used to provide force or displacement waveform generation, to control and enable automatic sequencing of test procedures. The test rig, as shown in Figure 2 , uses a set of three LVDTs to measure deformations. In order to simulate climatic condition, an environmental chamber rated -15°C to 60°C was used. The experiment starts with placing the specimen in the environmental chamber overnight at 4°C to ensure temperature equilibrium. A dummy sample with a temperature probe to check the target temperature was located close to the sample being tested. A friction reduction system consists of two Teflon sheets were placed on the top and the bottom of the specimen. The specimen was tested for 24 combinations of temperature and frequency, comprises of four different of temperatures (4, 20, 40, 55 o C) and six loading frequencies (25, 10, 5, 1, 0.1 and 0.05 Hz). The tests were carried out from the lowest to the highest temperature, and in reverse, from the highest to the lowest frequency. Although the protocol test (AASHTO PP 62) [10] requires testing at -10 o C, this temperature was not adopted considering such temperature is too low for Western Australia condition. After the entire cycle of testing was complete at 4°C, the environmental chamber was set to the next temperature. About several hours of conditioning, the steps were repeated until the entire sequence of temperatures and frequencies has completed. The required temperatureconditioning time before testing is presented in Table 2 . The strain level was kept within the range between 50 to 150 microstrain. The specimens underwent unrecoverable axial strains exceeded 1500 micro strain were discarded. Table 3 shows the dynamic modulus and phase angle for both normal mix 10mm + C170 and heavy duty mix 10mm + C320. The effect of air voids and binder grade are quite significant. For example, mixes with an air void content of 3% showed higher dynamic modulus than mixes with an air void content of 4% and 7%. The AC10-320 mix with a higher grade binder yielded better dynamic modulus values than the mix with a lower grade asphalt. The phase angle showed a different trend to the dynamic modulus. Initially the phase angle decreased as the loading frequency increased from 4°C to 20°C. At 40°C and 55°C, the behavior of the phase angle as a function of frequency seemed more complex. At higher temperatures, the phase angle increased with an increase in frequency to 10Hz, after which the values decreased at the highest loading frequency. The complex behavior of the phase angle at higher temperatures or at lower frequencies may be attributed to the predominant effect of the aggregate interlock. Other studies have confirmed that similar elastic behavior of aggregate at high temperature and low frequency determines the response of the specimen. It can be observed from the tables that the phase angle values for the mix AC10-320 were considerably lower than those for mix AC10-170. This is attributed to the better quality asphalt grade used in mix AC10-320 which contributed to the low phase angle.
Master Curve
Master curves were generated from three samples at each target air voids. Figure 3 shows the master curves with a reference temperature of 20 o C for two types of asphalt classes (Class 170 and Class 320) at various air voids (3-7%). The results of the fitted curves followed a general trend, increasing with an increase in loading frequency and decreasing as the temperature increased. The dynamic modulus |E*| decreases as the percentage of air void is increased in the mix. Furthermore, the asphalt mixture with a combination of bitumen class C320 and 4% air voids had the greatest dynamic moduli. As expected, the |E*| values, in general, decreases as the temperature increases, and increases as the loading frequency increases. Similar findings were confirmed in many studies [3, 17] . Figure 4 displays Black Space diagram for all mixtures. This diagram is plotted from average values of the |E*| and phase angle for each laboratory data. The Black Space plot is used to identify testing variability, nonlinearity or both in the material behavior [18] . The diagram indicate that either non-linearity or measurement error was occurring at the intermediate-to-higher test temperatures for the 9.5mm mix. Intermediate and higher test temperatures are represented toward the middle and left side of the curves, respectively. In this study, variability in phase angle was slightly greater at lower frequencies. 
Comparison With MEPDG Witczak's Predictive Model
Witczak model is an example that was established empirically from 149 different mixtures to predict the dynamic modulus various range of temperature, rates of loading, and aging conditions. The dynamic modulus model is [19] : The master curve of Western Australia asphalt mixtures was generated and compared with Witczak's predicted |E*| master curve. The curve based on time temperature superposition principle which describes viscoelastic behavior of asphalt binders and mixtures. The effect of temperature on |E*| is included in binder viscosity (η) based on [20] : log η = A + VTS log T (2) Where A and VTS are regression constants determined according to Level 2 and Level 3. Table 4 shows the correlation between viscosity at temperature, A and VTS for bitumen used in this research.
It can be seen from Figure 5 , the Witczak predicted |E*| values were comparatively higher at high-test temperature and slightly lower values at low temperature. Witczak predicted model had |E*| master curve higher than those of Western Australia asphalt mixtures at the intermediate and higher test temperatures (i.e. loading frequencies less than 1 Hz). This trend was highlighted in the previous studies since Witczak's model tend to overemphasize the influence of high and very low temperatures [5, 21] . It also might be due to differences of microstrain level [22] . To solve this problem, Bennert and Williams [23] suggested to reduce of the upper limit (150 microstrains) in the |E*| test to improve laboratory measurement precision. A tighter allowable range in microstrain level may be required to promote better precision among different laboratories and limit potential for nonlinearity effects. Figure 6 represents the comparison of predicted dynamic modulus using the Witczak equation and measured dynamic modulus at each test temperature. The reliability of test data is 89%. Judging from the results, the predicted dynamic modulus is a little higher than the measured values at high temperature and slightly lower than the values at low temperature. Instead of differences on the applied microstrain level in |E*| test, the discrepancies was mostly due to different aggregate gradation, aggregate type and asphalt source than the specification of the United States. Few studies highlighted this issue and tried to modify the predictive equation to match the local material condition. For example in Korea, the predictive equation for |E*| was constructed using a nonlinear regression analysis for 540 dynamic modulus data [24] . This is certainly a challenge to modify the dynamic modulus predictive equation for use in Western Australia asphalt mixture. 
4.0 CONCLUSION
This research was taken to investigate the dynamic modulus |E*| of Western Australia asphalt mixtures. Asphalt mixtures were tested at different temperatures and loading rates. From the limited study results, the dynamic modulus of WA asphalt mixtures is increased as loading frequency increases, temperature decreases and air void decreases. The effect of air voids on dynamic modulus was slightly significant. Mixtures with better asphalt grade (C320) performed higher dynamic modulus than grade C170. It is indicated that the stiffness of Western Australia asphalt mixtures follows general trend, which is sensitive to loading frequency, temperature, air voids and asphalt grade. In this preliminary study, the correlation (R 2 = 89%) between measured |E*| and Witczak predicted |E*| showed the measured values correlated well with the predictive equation except at high temperatures or low frequencies. This supports the use of dynamic modulus determination based on MEDPG as a tool to predict asphalt stiffness in Australia.
